The CsI-based scintillators have been widely used for X-or gamma-ray detections. It has been known that columnar scintillators favor the detections with higher efficiency and spatial resolution. In this paper, we report a facile and low-cost method to fabricate submicron nanoscale CsI columns. We integrated the thermodynamic calculations, positive chamber design, mold design, electrochemical bath design, anodization process, and solidification techniques to fabricate such submicron CsI columns. When the CsI melt is confined to AAO channels with a high aspect ratio, stable CsI columns solidified with smooth surfaces, and free of dendrites or grain boundaries. Different solidification approaches have been attempted, including mechanical injection in vacuum under a negative pressure, injection at 1 atm, 3 atm and 25 atm using Ar gas only, and mechanical injection with 1.6 atm Ar pressure. The mechanical injection or high-pressure Ar injection at 25 atm produced good filling of CsI melt into AAO channels. Such CsI columns inside the smooth AAO walls enable the highenergy radiation detection with high light emission for pixelated scintillator applications.
INTRODUCTION
In the electromagnetic spectrum, gamma-( -) and X-rays, with short wavelengths, are highly energetic than visible lights. They can penetrate objects for certain distances, causing atomic ionization and breaking chemical bonds of organic molecules. Detecting such a high-energy radiation is highly demanded. Since the discovery of X-rays by Röntgen in 1895, X-rays have been widely applied in scientific research experiments, industrial inspections, radiography, and security and safety monitoring. Radiation detection has been a rather long-time research topic that is still under development. 1 The following methods have been used for the X-ray detection: (1) Traditional method to record the radiation using silver films (radiography), which requires chemicals and consumables, causing not only high cost but also wastes to the environment. 1 (2) Scintillator crystals (in-direct detection): when excited by the radiation energy, a scintillator can generate visible light that can be used for detection using devices, such as photomultiplier tube (PMT), photodiode (PD), complementary metal oxide semiconductor (CMOS), or chargecoupled device (CCD), and thereby enabling real time digital imaging. Si (Li) and Ge (Li) , respectively, are widely used in analytical instruments of X-ray energy-dispersive spectrometer (EDS).
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(4) Gas-filled detector: when X-rays travel in a gas, gas molecules are ionized, producing positive ions and free electrons. 8 If an electric field is applied in the gas chamber, these ions and electrons are separated towards opposite directions which can be detected in a current. This method is widely used for dose measurement, such as gas detectors. It is also used in the analytical instrument of X-ray energy-wavelength spectrometer (WDS).
Among these methods, since scintillator method can be associated with digital imaging and storage, it is replacing the traditional radiography. This paper deals with the fabrication of scintillators at the nanoscale, focusing on the CsI-based scintillators due to their unique high performance and easy manufacturing. When doped with thallium (Tl), CsI(Tl) crystal scintillator is one of the brightest scintillators, with maximum wavelength of light emission around 550 nm, well suited for photodiode readout. It has been widely used for detecting X-and -rays. The CsI(Tl) scintillator converts incident X-rays into visible light with a very high conversion efficiency of 64,000 optical photons/MeV. 9 On the other hand, sodium-doped scintillator CsI(Na) is a widely used material nowadays, with light emission in the blue spectral region which well matches the photocathode sensitivity of bialkali photomultiplier. It exhibited fast light in alpha scintillation, which is a unique property that was not found in other alkali halides, such as CsI(Tl), NaI(Tl) or pure CsI. 10 Recent, CsI(Na) was found to be a promising detecting material for scientific exploration of dark matters in astronomy. 11 In this review, at first the CsI scintillator preparation methods are outlined, and the effect of nano scaling on the X-ray luminescence is discussed. To guide the sample fabrication, thermodynamic computations of the Cs-I-O system are conducted, followed with experimental preparation of CsI nanowires, including aspects of electrochemical bath and mold designs, large anodic aluminum oxide (AAO) template fabrication, and columnar CsI fabrications by negative and positive pressures.
CsI SCINTILLATOR FABRICATION
To date, the CsI-based scintillators have been prepared in the following ways as the detectors for X-or -rays: (1) Bulk crystals made by Bridgman-Stockbarger or other method. 3 12-14 Recently, bulk CsI(Na) and CsI(Tl) crystals samples have been grown by the Bridgman-Stockbarger method. 13 14 (2) Traditional continuous thin foils by various deposition methods from solutions, typically containing plastic scintillator dissolved in toluene or xylene. The thin scintillator foils could be obtained by solvent dissolution of the scintillator solution, 15 16 evaporating the scintillator solution in vacuum, 17 or spinning the scintillator solution on a rotating plate to obtain uniform foils. [18] [19] [20] The CsI foils were generally deposited on Al substrate, with a large thickness range from 2-500 m. (3) Vertically aligned needle or micro-columnar structures by various vapor deposition methods. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Vieux and Groot described the preparation of needles from alveolate surface of aluminum substrate, and such alveolate surface was prepared by anodization in an electrochemical bath. 23 The anodization resulted AAO nanopores (nanotubes) on the surface, which facilitated the growth of thinner needles. Nagarkar et al. reported micro-columnar structures resulted from vapor deposition, with thickness ranging from 30-2000 m and up to 15 × 15 cm 2 in area. 25 27 30 Such vertically grown structures reduce the lateral spreading of light, and therefore improve the detector spatial resolution. 30 (4) Scintillators in silicon microcavities, microchannels or wells with light guides. 2 33-42 In a report by Rocha et al., a deep reactive-ion etching (DRIE) technique was used to achieve perfect vertical side-walls with 515 m depth and 100 m pixel square size. 35 The inner wall of the well that were coated with aluminum for improving the number of photons which arrives to the detector and for reducing cross-talk between adjacent wells. Simulations and modeling showed an improvement of approximately 26% in the detection efficiency using an aluminum layer. 38 The use of light guides to scintillators in microchannels, microcavities or wells not only improves spatial resolution, but also the detecting efficiency. 2 As shown in Figure 1 , in the case of continuous planar scintillating foil, the spatial resolution is low, which is about on the same order as the foil thickness (several hundreds of micrometers), due to the lateral spreading of the lights ( Fig. 1(a) ), while in the case of scintillator confined in narrowed channels with light guides, the lights are restricted to limited areas, with spatial resolution similar to the size of the scintillating crystals with significant improvement (Fig. 1(b) ). In addition, note that in the case of low dose weak X-ray radiation, the signals on the photodetector by the planar scintillating foil spread over a larger area, resulting signals with lower signal to noise ratio (SNR) ( Fig. 1(a) ) which are difficult to be detected; while the columnar scintillators with light guides give signals with a higher SNR that benefits to the detection with higher sensitivity. As pointed out by Badel et al., although the vertically grown columnar scintillators without light guides could improve their spatial resolution, they showed low performance in terms of SNR and sensitivity. 36 The usage of light guides in the radiation detection is desirable.
However, there are several challenges associated with the current developments of these scintillator detectors: (1) The cost to produce Si microchannels is high, which involve multiple procedures, including cleaning of the substrate and placement of OmniCoat; deposition of SU-8; soft bake; placement of mask and exposition to ultraviolet light; post exposure bake; development; washing and drying; placement of aluminum; removal of SU-8; placement of the scintillator inside the cavities; polishing of the top surface; placement of a final aluminum layer in the top of the detector. 2 (2) The current method produces the channel size in the order of several micrometers or larger, and up to date there are very limited reports on smaller channels under micrometer due to the fabrication challenges.
Therefore, in this research project, a new low-cost approach is explored to fabricate scintillator crystals using AAO rather than Si, which enables studies with a wide range of scintillator size to study the size effect on their performance for high-sensitivity X-ray detection. Fig. 1 . (a) Planar scintillating foil; (b) columnar scintillator with light guides. Note the differences in spatial resolution and signal to noise ratio levels between them. The weak X-ray radiation is more detectable using the scintillator in (b).
RESEARCH ON SCINTILLATORS AT NANOSCALE
When the dimension of material component is reduced down to nanoscale (<100 nm), enhanced properties may result, and therefore nanomaterials have increasingly received attention in the past decade. In the field of scintillation materials, however, there are much fewer efforts on research at nanoscale as compared with other types of materials, mainly due to their sample preparation challenges. Scintillator nanoparticles have been studied with several different compositions. 13 14 43-51 Earlier work demonstrated that cerium doped Y 2 SiO 5 nanoparticles, in the size range of 25-100 nm, exhibited enhanced light output, reduced cost and greater size scalability. 43 44 The light output of the scintillator nanoparticles was increased by a factor of three as compared with the bulk sample. 44 Klassen et al. found that nanocrystalline scintillators could improve their property parameters significantly, which were promising for applications in a new generation devices for radiation detections. 45 When the size of BaF 2 nanoparticles is less than 80 nm, these particles exhibited a sharp decrease of self-trapped exciton luminescence intensity. 50 A recent research indicated that when CsI(Na) particle diameter decreased to nanoscale, X-ray excited luminescence decay time speeded up significantly from ∼600 ns to ∼10 ns. 13 It was confirmed that the diameter reduction led to surface effect, which accelerated the excitons' quenching. Such surface induced speeding detection provides a promising prospect for fast X-or -ray detections.
There were no publications about scintillator nanowires in the open literature until recently Ohashi et al. reported 680-nm-diameter GdAlO 3 :Ce 3+ scintillator fibers surrounded with -Al 2 O 3 , fabricated from directionally solidified eutectics. 52 The scintillator fibers converted X-rays to lights, which were confined and transported along the fiber directions. Taheri et al. theoretically simulated X-ray detections by ZnO nanowires in AAO 53 and polycarbonate membrane, 54 respectively, using Geant4 Monte Carlo code. According to their simulation results on 200-nmdiameter ZnO nanowires in AAO, it was predicted that the AAO template has a special impact as a light guide to conduct the optical photons induced by X-ray toward the detector thickness and to decrease the light scattering in the detector volume, resulting in improved spatial resolution. 53 Chen et al. experimentally prepared CsI nanowires in AAO. 55 Very recently, Taheri et al. reported an X-ray imager based on ZnO nano-scintillator wires in polycarbonate membrane with high spatial resolution of less than 6.8 m. 56 As pointed out by Dujardin et al., the research on nanoscintillators is an open field for studies of excitation mechanisms, exploration of new scintillator materials, and applications of active compounds. 46 The research on nano-scaling effect on the X-ray luminescence needs large exploration.
THERMODYNAMIC CALCULATION OF Cs-I-O SYSTEM
The CsI compound has a sublimation point, melting point, and boiling point at 600 C, 627 C, and 1277 C, respectively, under 1 atm. Based on the physical properties of CsI, no vapors appear below 600 C under 1 atm. However, when the CsI is heated in a pressure-controlled chamber, the vapor can be observed. In our experiment, a large quantity of vapor was clearly observed when the chamber pressure was higher than 1 atm. Some vapor could also be seen when the chamber pressure was lower than 1 atm. Therefore, it is necessary to understand the CsI phases and related vapors present below 600 C, and evaluate their relationship between Cs-I-O vapor and temperature through thermodynamic calculations. According to thermodynamic data from references, 57 58 there are 6 different condensed phases and 7 gaseous phases in the Cs-I-O system. 
To evaluate the thermodynamics of the Cs-I-O system, the Gibbs free energy of formation ( G f ) should be calculated. The Gibbs free energy of the formation of a compound is the change in Gibbs free energy from its constituent elements. Because G f is only a function of temperature T , the G f can be expressed as G f = A + BT , where A and B are two numerical numbers. Based on the available thermodynamic data, 57 58 the 13 phases in Cs-I-O system can be presented as 11 basic thermodynamic reaction equations by the Gibbs free energy of formation, as listed in Table I. The table shows Figure 2 shows the thermodynamic curves of cesium oxides. In Figure 2 Figure 3 further depicts the formation of Gibbs free energy curves of CsO g , CsO 2 g , I s , and I 2 g under 1 atm in the temperature Table III . Thermodynamic of I s , CsO g , CsO 2 g , Cs 2 O s , Cs 2 O g , and Cs 2 O 3 g formation equations in the temperature range from 25 to 800 C.
range of 25 to 800 C. From Figure 3 CsO 2 g + I s can form from CsI g + O 2 g . For example, when the temperature is higher than 600 C, the solid CsI s sublimates to gas CsI g , and when the temperature cools to 277 C, the gas CsI g reacts with O 2 g to form CsO 2 g + I s . In Figure 3 (d), similar to the reaction in Figure 3 (c), CsO 2 g +I 2 g would not spontaneously form from CsI s + O 2 g , but CsO 2 g + I 2 g can form from 
CsI g +O 2 g . For example, when the temperature is higher than 600 C, the solid CsI s sublimates to CsI g , and when the temperature cools to 327 C, CsI g reacts with O 2 g to form CsO 2 g + I 2 g . Table IV and Figure 4 outline the reaction equations, equilibrium constants, and formation Gibbs free energy of I 2 g , CsO g , CsO 2 Because CsI has a sublimation point of 600 C at 1 atm, the CsI presents as a gaseous state above 600 C. Figure 5 presents that the Gibbs free energy curves of CsI s and CsI g decompose to Cs s , Cs g , I s , and I 2 g . In Figure 5 (a), the solid state CsI s decomposes to Cs s + I s and Cs s +0.5 I 2 g ; and in Figure 5( 
will decompose to Cs g +I 2 g at temperatures higher than 1433 C. Figure 6 shows the thermodynamic curves of I g , I 2 g , Cs g , Cs 2 g , and CsI g formation under 1 atm. In Figure 6 (a), the Gibbs free energy curve implies that solid I s can transform to the gases I 2 g and I g at 113 C and 1524 C. In Figure 6 (b), the Gibbs free energy curve indicates that solid Cs s can transform to the gases Cs 2 g and Cs g at 1176 C and 740 C. As shown in Figure 6 (c), the sublimation points of CsI are 600 C and 700 C at 1 atm and 1.6 atm; and in Figure 6 (d), the sublimation points of I are 600 C, 627 C, and 700 C at 179 atm, 213 atm, and 323 atm, respectively. In the Clausius-Clapeyron equation, P , H, T , R, and C are pressure (atm), molar latent heat of phase change (J/mole·K), temperature (K), gas constant (8.314 J/mole · K), and integration constant, respectively. According to the available thermodynamic data, 57 58 the H of CsI is 3993.9 J/mole · K at 1 atm and 600 C, and thus C can be calculated as 4.57. Therefore, the relationship between CsI sublimation point and pressure can be expressed as:
It is similarly possible to calculate the relationship between I sublimation point and pressure. The H of I is 41,570.3 (J/mole · K) at 1 atm and 184 C, and thus C can be calculated as 10.94. Therefore, the relationship between I sublimation point and pressure can be express as:
The above results show that both CsI g and I 2 g vapors are formed below the CsI s melting point (627 C) at 1 atm; only I 2 g but no CsI g vapor is formed below the CsI s melting point (627 C) at 1.15 atm; CsI g and I 2 g vapors do not form below the CsI melting point (627 C) above 213 atm. The thermodynamic calculations suggest that no vapors appear when the temperature is below 600 C. However, in our experimental procedure, vapor was clearly observed from the quartz window of chamber at 400 C. This phenomenon may be related to defective CsI powders, or due to the reactions of CsI g +O 2 g → CsO 2 g +I 2 g and CsI g +O 2 g → CsO 2 g +I s that may occur. (2) Pretreatment of CsI nano-particles. Because of capillarity, the CsI solution can easily penetrate the AAO film, so that CsI nanoparticles can be deposited on the submicron channels. In order to improve the wettability between CsI melt and AAO channel, the CsI nanoparticles were first deposited on the AAO inner pore walls by a wet deposition method in a solution with 1 wt% CsI at 25 C for 3 min, and then the sample was sintered in an atmosphere furnace (400 C for 5 min) to increase the adhesion of CsI particles on AAO walls. (3) Formation of CsI columnar crystals. To form the CsI columns, difference approaches were used as follows: (a) inside the injection chamber, place AAO template (with CsI nanoparticles adhered) on the bottom and CsI powders on the top surface of AAO template. After pumping to vacuum and heating at 650 C for 5 min, the CsI melt was mechanically pressed into the AAO by a hydrolysis force;
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(b) on a slice of quartz sheet place a piece of AAO template and add CsI powders on the surface of AAO template, and move the CsI/AAO to a positive heating chamber and heated as 650 C for 5 min so that the CsI melt flew into the AAO template, and the chamber was filled with Ar to maintain pressure of 1 at, 3 atm and 25 atm, respectively; (c) place the set of CsI powders/AAO template into the injection chamber and applied with a positive pressure of 1.6 atm with Ar, and after heating at 650 C for 5 min, the CsI melt was mechanically pressed into the AAO by a hydrolysis force.
The microstructure and composition of the fabricated samples were studied using optical microscopy (Nikon LV 150), X-ray Diffractometer (XRD, Philips X'Pert Pro).), and Scanning Electron Microscopes (SEM, JEOL 7400 and 6510) equipped with EDS.
ELECTROCHEMICAL BATH AND MOLD DESIGNS
Since the AAO process is sensitive to the operation conditions, defects may appear in AAO if unsuitable conditions are used. The conditions include electrolyte temperature, applied voltage, electrolyte composition, electrolyte stirring, and current density distribution. In an anodization process, the working electrode presents an exothermic reaction ( H < 0). For example, when Al is anodized in H 3 PO 4 aqueous solution, the reaction equations can be expressed as:
All the reactions in Eqs. (7)- (9) are exothermic because the standard enthalpies of H 0 f are negative. The heat of the exothermic reaction in Eq. (7) can be removed before anodization when the electrolyte is cooled in a cooling bath. However, the exothermic reactions of Eqs. (8) and (9) occur during anodization, causing local heat. The local heat should be removed quickly by a cycling or agitating electrolyte; otherwise, local cracking, pits, defects, or burning may appear on the AAO surface. The exothermic effects are especially obvious when a higher voltage is applied, as in the case of 200 V applied to produce submicron pores in AAO. Therefore, it is necessary to carefully design the electrochemical mold and bath for the production of good quality AAO. 59 Figure 7 shows the electrochemical mold for AAO fabrication. Figure 7 (a) presents the components, including engineering plastics, O-ring, copper rod, copper plate, and silicone sheet. where C is cell size (nm), V is anodizing voltage (V), and m is a constant (2-2.5). The pore distance with voltage is V = 2R − 10 /2, where 2R is spacing distance (5∼1000 nm). 60 Because of the exothermal reaction during anodization, it is difficult to make a thick AAO film with submicron pore size. In order to make a thick AAO film with big pore diameter, the electrode mold must be redesigned. Figure 8 illustrates a novel cooling-function of electrochemical mold. As shown in Figure 8(a) , the design of cooling in/out electrode can remove reaction heat quickly. In the exploded diagram in Figure 8(b) , the structure including cooling in/out electrode made from brass, O-ring as water sealing, and insulated mold made from engineering plastic. Figure 8 (c) is the appearance of combined parts, including insulated mold, electrode connecting to applied voltage, anodization active area, and cooing in/out tubes. Figure 8 (d) is a photo of an actual cooling-function electrochemical mold. The materials and process for the mold are convenience at a low cost, and the mold can be made in a mass production easily. Figure 9 schematically shows the electrochemical bath system. In Figure 9 (a), the system structure comprises an air pump, water pump, reaction bath, heat exchange pipe, heat exchange bath, and cooler. In order to quickly remove the heat of the exothermic reaction and keep the electrolyte in an isothermal state during anodization; the chemical reaction bath, cooling bath, and heat change bath are connected together. Figure 9 (b) is a chemical reaction bath, which consists of electrolyte input and output ports, an air input port, and pumping vacuum ports. The electrolyte inputs from the cooling bath are diverted to four inlets. This allows the chemical reaction bath to maintain a more constant temperature and electrolyte agitation than a design that has only one electrolyte inlet. Figure 9 (c) is a heat exchange tube structure, which consists of pipes, elbows, and connecting tubes made of silicone gel. This flexible structure can be extended to form various shapes to fit the heat change bath.
ANODIC ALUMINUM OXIDE (AAO) TEMPLATE
Anodic alumina has been called by various names, such as anodic aluminum oxide (AAO), [61] [62] [63] [64] [65] anodic alumina nanoholds (AAN), 66 anodic alumina membrane (AAM), 67 68 or porous anodic alumina (PAA). 69 Highquality AAO templates with high pore density, uniform pore diameter, and ordered nanochannel arrangement can be fabricated by the electrochemical process. The melting point of AAO is near 1,000 C, 70 and the AAO template is stable around 800 C, 66 which is a lower temperature than that of bulk alumina (2017 C for Al 2 O 3 ) and higher than that of the CsI melt (627 C). 57 It is believed that the melting point of AAO is lower than that of pure alumina because of inclusions in the porous structure AAO. For example, the elements S, C, and P are doped into AAO during anodization using H 2 SO 4 , HOOCCOOH, and H 3 PO 4 as the electrolytes.
For any electrolyte, factors of a higher anodizing voltage, a lower electrolyte temperature, or a lower acid concentration favor film growth. Oppositely, factors of a lower applied voltage, a higher anodizing temperature, or a higher acid concentration cause film dissolution. When the rate of film growth has fallen to the same rate of dissolution of the film in the electrolyte, the thickness of the film remains the same, i.e., the film does not grow further. Of many electrolytes and applied voltages used to produce AAO, the most common ones are 10 vol% sulfuric acid (18 V), 3 wt% oxalic acid (40 V), and 1 vol% phosphoric acid (200 V), which are used to fabricate AAO with pore sizes of 10-30 nm, 40-90 nm, and 180-500 nm, respectively. 71 Figure 10 shows photographs of step by step of AAO sample fabrication. The starting material is a piece of pure aluminum foil, with 0.3 mm thickness, 4 inch diameter and 99.999% purity (Fig. 10(a) ). This Al foil was mechanically grounded and polished to remove its surface oxidation layer (Fig. 10(b) ). After electrolytic polishing using the conditions given in the reference, 71 its surface turns to be smooth and shiny (Fig. 10(c) ). This piece of sample was anodization for the first time ( Fig. 10(d) ) and then the ordered pattern was removed ( Fig. 10(e) ) using the conditions given in the reference. 71 The sample was anodized for the second time ( Fig. 10(f) ). After cutting off the remaining area removed (Figs. 10(g) and (h) ), the Al substrate was dissolved using chemical solutions described in the previous article.
71 Figure 11 demonstrates some SEM images of the AAO templates. In Figure 11 (a) along the AAO top view, the pore open size is about 480 nm in diameter. The inserted EDS spectrum reveals elements of Al, O, and P. After the barrier layer is removed, the pores on the bottom of the AAO are similar to those on the top, as shown in Figure 11(b) . From the lateral views in Figure 11 (c), the AAO channels are straight with a high aspect ratio (250 m thickness and 0.48 m pore diameter). As shown in Figure 11(d) , the maximum pore diameter can potentially be expanded to 520 nm because the AAO has a pore diameter of 450 nm and pore wall thickness of 150 nm.
When phosphoric acid is dissolved in water, more H 2 PO are the first, second, and third dissociation constants of the reaction equations in Eqs. (10)- (12), respectively. 60 In our anodization process, the electrolyte content is 1 vol% (0.16 M) H 3 PO 4 with 1.55 pH value at 0 C. According to Eqs. (10)- (12) (12) It is easy to prepare a small sample of thin AAO film with nano-sized pores. However, a large-area sample of AAO film with a submicron pore size and a long thickness is difficult to produce with a regular anodization process. In order to increase the CsI light emission efficiency and avoid cross-talk between CsI columns, we made a 4-inch diameter size of AAO film with 480 nm pore size and 250 m film thickness by using an anodization process and the electrochemical system of our design. In the literature, the large AAO channels can be fabricated using photolithography method, which has been established for a wide range of applications. [73] [74] [75] The sample fabrication process of CsI columnar crystals in AAO is schematically shown in Figure 12 , which includes the following steps: (a) The starting material is Al with high purity (>99.99%); (b) Anodization of Al. Highly ordered AAO nanopores with diameters from 10-450 nm can be prepared using anodization of pure aluminum metal in an electrochemical bath. 71 76 77 The length of the AAO channels is controlled by the anodization time. (c) Mechanically remove remaining Al if it is too thick, followed with chemical dissolution using NaOH solution. 71 If smaller AAO channels are needed, move to step (f); otherwise for larger AAO channels, seal the open side of the nanochannels with nail polish; (d) Flip over the sample, deposit with photoresist; (e) Perform photolithography to obtain larger AAO channels; (f) Coat AAO channels with metal oxide particles to improve the light reflection. This can be done using chemical deposition, such as Cu, 78 Ni, 79 or Co 80 compounds, as well as atomic layer deposition (ALD); [81] [82] [83] [84] [85] [86] [87] (g) Mechanically inject CsI(Tl) melt into the AAO channels; (h) When the sample cools down, CsI(Tl) melt solidifies; (i) Mechanically remove extra samples on the surface, and CsI(Tl) scintillator crystals within AAO channels are yielded.
The channel walls should be coated with reflective layers to polish the wall surface. 2 37 Badel et al. suggested coating Si wall with ruthenium (Ru) by ALD. 37 SiO 2 can also be selected for coating by ALD, since it has a low refractive index (1.46 for the blue light), so that light in CsI(Na) (refractive index 1.84) at the incidence angle (angle between light and the interface normal) larger than the critical angle of sin ) show top and bottom views of the coating layers within AAO, respectively. The AAO channels are coated with Ni 3 P layers using electroless chemical deposition, including (1) sensitization: 0.3 wt% SnCl 2 + 2 5 vol% HCl + H 2 O, at 25 C for 3 min; (2) activation: 0.1 wt% PdCl 2 + 1 0 vol% HCl + H 2 O, at 25 C for 3 min; and (3) electroless deposition: 2 wt% NiSO 4 + 2 wt% NaH 2 PO 2 + 2 ppm Pb(NO 3 2 + 2 wt% Na citrate or citric acid, at 70 C and pH = 5 for 3∼30 min. It is seen that the bottom size is closed, and therefore, the bottom side should be mechanically removed before melt injection.
COLUMNAR CsI FABRICATION BY NEGATIVE PRESSURE INJECTION
Columnar CsI crystals with a smooth and flat surface favor the conversion of X-ray to visible light. However, the regular CsI is soft and extremely hygroscopic; it is very difficult to polish to obtain a smooth and optical flat plane. In order to obtain a high-quality CsI scintillator for X-ray application, we used an ordering channel as the template and formed sub-micron CsI columns in the template. Figure 14 schematically illustrates the fabrication of CsI nanowires by the mechanical injection method using highly ordered AAO (Fig. 14(a) ) as template. As mentioned previously, it is necessary to deposit CsI nanoparticles on AAO walls first using dip-dry method. Aqueous solution containing 10 wt% CsI is dropped on the AAO template, which is then placed on a hot plate to dry at 100 C. Afterwards, CsI nanoparticles are deposited on the AAO inner walls (Fig. 14(b) ). Since the melting point of CsI is relatively low (627 C), the mechanical injection method can be adopted to fabricate CsI nanowires in AAO. 71 88-95 The schematic apparatus can be found in previous publications. 71 88 Inside of the vacuum chamber (∼10 −2 torr) of the mechanical injection device, AAO template with CsI nanoparticles is placed on the bottom side, and raw material of CsI particles are on its top (Fig. 14(c) ). When the device is heated up above the melting temperature of CsI, a hydraulic force (∼10 kgf/cm 2 ) is applied to inject the molten CsI into the nanopores of the AAO template ( Fig. 14(d) ). After the injection process, the chamber is kept in vacuum to cool down slowly. The remaining Al substrate can be removed mechanically, followed with dissolution in an etching solution of 10 wt% CuCl 2 and 8 vol% HCl until Al is dissolved, and the solidified CsI layers covering on the top surface of AAO should also be removed mechanically (Fig. 14(e) ).
The ionic bonds in CsI can be dissolved in a polarized H 2 O forming aqueous solution. When the solution deposited on AAO dries on, CsI nanoparticles form on AAO. Figure 15 shows SEM images of CsI nanoparticles solidified on top surface of AAO (Figs. 15(a) and (b) ), and bottom of AAO walls (Figs. 15(c) and (d) ), formed by immersing AAO into 1 wt% CsI solution and dried on a hot plat at 100 C.
An XRD pattern of the CsI/AAO sample is shown in Figure 16 (a). Peaks are from both CsI and Al substrate, as well as impurity byproducts of Al 2 O 3 and AlPO 4 . The EDS spectrum in Figure 16( Dendritic microstructure always presents during the conventional solidification, as shown in Figure 17 . When 1 wt% CsI solution is dried on the surface of a glass slide, dendritic structures are formed, as shown in Figure 17 (a) and its enlargement in Figure 17(b) . However, when CsI is solidified from the melt (630 C) to 25 C on a glass slide in an air furnace, both dendrites and bubble pits are formed, as shown in Figure 17 (c) and a picture showing the pits only is presented in Figure 17 (d). Whether CsI solidifies from the aqueous solution or melt on the glass slides, dendrites can grow in the three-dimensional (3D) free space to form 3D patterns, without any external restrictions to their growth. The bubble-shape pits are associated with the gaseous vapors evaporated from the melt during the solidification process. Using the AAO pre-deposited with CsI nanoparticles as template, CsI melt was mechanically injected into the AAO nanochannels under a vacuum negative pressure. Both larger (Figs. 18(a)-(c) ) and smaller ( Fig. 18(d) nanowires were fabricated, with diameters of 450 nm and 100 nm, respectively. In Figure 18 (a), partial CsI layer retains on top of AAO, and in Figure 18 (b), AAO is almost completely filled with CsI nanowires. From the lateral view in Figure 18 (c), the larger CsI nanowires almost filled the entire channels over the length. From the fracture of CsI-filled AAO film in Figure 18 (d), highly ordered CsI nanowires are obtained. It should be mentioned that if the CsI nanoparticles were not pre-deposited on AAO, very limited AAO nanochannels could be filled with CsI by mechanical injection. The pre-deposited CsI reduced the contact angle between the CsI melt and AAO. It is interesting that when CsI melt is confined in AAO nanochannels, it grows as stable single wires without any dendrites, consistent with previous theoretical predictions. 96 
COLUMNAR CsI CRYSTAL FABRICATION BY POSITIVE PRESSURE
Besides to the mechanical inject under negative pressure, CsI melt was also mechanically injected into AAP pores under positive pressure filled with Ar. 97 Figure 19 shows the design of the chambers to prepare the CsI columns. Figure 19 (a) is an exploded diagram of the positive pressure chamber. The chamber structure includes a pressure gauge, pneumatic valve, gasket between flanges, stainless screws between space chamber and flange, rubber sealing between flanges and the quartz window, and a thermal couple. Figure 19 (b) is a photo of an actual positive pressure chamber. The chamber structure included a pressure gauge, a pneumatic valve, gaskets between flanges, stainless screws between the space chamber and flanges, a cooling cycler, and an injection column. Figure 19 According to the thermodynamic calculations, the sublimation point of CsI is at 600 C at 1 atm, which is lower than its melting point of 627 C. The CsI sublimation point can be raised to 700 C at 1.6 atm, a temperature that is higher than the melting point of 627 C. Therefore, we made a positive chamber to fabricate the CsI columns, and such a non-vacuum process could reduce the amount of CsI raw material consumed during the injection process. Figure 20 shows SEM images of CsI columns in the AAO channel with certain content of moisture which was introduced during the SEM sample preparation in moisture atmosphere for overnight. As shown in Figure 20(a) , since the CsI sample was prepared in moisture ambient for SEM observation, the CsI absorbed moisture and expanded in volume, and some of the CsI came out of the AAO surface, forming hemisphere shapes. From the side views images, CsI volume expanded partially ( Fig. 20(b) ) or largely ( Fig. 20(c) ). 98 Therefore, to produce a high-quality CsI material, contact with water and high humidity should be avoided, especially for submicron CsI columns.
In order to obtain a good SEM image of the CsI column, the SEM sample must be prepared in a dry box, such as a vacuum chamber or a glove box. Figure 21 shows SEM images of CsI columns inside the AAO template, prepared in a glove box. In Figure 21 (a), the AAO film was broken so the CsI tips protruded from the AAO template surface. Figure 21(b) is a side view image showing CsI columns in the AAO template. It is found that there is no evident bonding or attraction between AAO and CsI. This lack of bonding between them favors the construction of CsI columns throughout the AAO channels. Figure 21 According to the thermodynamic calculation results, solid iodine and cesium iodide have sublimation points of 113 C and 600 C to form I 2 g and CsI g gases, respectively. These points are lower than the CsI l melting point of 627 C at 1 atm. At a positive pressure of 25 atm in a heating chamber, the I 2 g and CsI g formation temperatures raise to 377 C and 1886 C, respectively. When the chamber pressure is increased to 213 atm, the I 2 g and CsI g formation temperatures increase to 628 C and several thousand C. Without a special device and protections, it is difficult and dangerous to make a 213 atm positive chamber, but it was possible to make a 25 atm positive chamber in our experiment. In order to understand the effects of I 2 g and CsI g vapors on CsI column morphology, we filled CsI melt in an AAO template conditions. In Figure 22 (a) under 1 atm process, the discontinuous CsI columns partially fill the AAO template. Because the I 2 g and CsI g vapors presented before the CsI melting point, the vapors inside the AAO channels occupied the space, causing discontinuous and a partially-filled morphology. When the pressure was increased to 3 atm, as shown in Figure 22 (b), the filling was improved as compared with 1 atm. Such filling was further improved under 25 atm, as shown in Figure 22 (c), and most of the CsI columns presented a continuous morphology. However, with the aid of mechanical injection of the CsI melt under 1.6 atm at 650 C, almost all of the CsI columns filled the AAO channels, exhibiting a continuous morphology. The sample of CsI columns inside the smooth AAO walls can be used for the high-energy radiation detection with high light emission for pixelated scintillator applications.
CONCLUSIONS
In this paper, we reported thermodynamic characterizations of CsI-based materials and fabrication of submicronsized CsI columns by injecting CsI melts into the AAO channels. We integrated the thermodynamic calculations, positive chamber design, mold design, electrochemical bath design, anodization process, and solidification techniques to fabricate the submicron CsI columns. Element I and compound CsI sublimate at 113 C and 600 C to form I 2 g and CsI g vapors at 1 atm pressure, respectively. However, at 25 atm pressure the I and CsI sublimation points can be increased to 377 C and 1886 C, respectively. If the sublimation point is higher, the amount of CsI raw material needed for the injection could be reduced. Because the I 2 g and CsI g vapors presented below the CsI melting point, partial and discontinuous CsI columns formed in the AAO template under 1 atm. However, the filling quality of the CsI columns could be improved to full and continuous columns under a positive pressure of 25 atm, or with the aid of mechanical injection. Vacuum mechanical injection also produced good filling of CsI columns, while more CsI raw materials were consumed during this process. The ionic compound CsI columns are difficult to obtain by electrochemical ionic deposition method. Although various methods were used to fabricate different nanowires in the past, 99 an AAO channel with a high aspect ratio, it grows as a stable single column with smooth surfaces, free of dendrites and grain boundaries. This liquid CsI melt-filling method with anodic template assistance allows fabrication of CsI columns inside the smooth AAO walls that can be used for the high-energy radiation detection with high light emission for pixelated scintillator applications.
